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ABSTRACT
Data products from the Advanced Camera for Surveys Virgo Cluster Survey
are used to understand the bulge star formation history in early-type galaxies at
redshifts z & 2. A new technique is developed whereby observed high-redshift age-
metallicity relationships are utilized to constrain the typical formation epochs
of metal-rich or “bulge” globular clusters. This analysis supports a model where
massive Virgo galaxies underwent an extremely intense mode of bulge globu-
lar cluster formation at z ∼ 3.5 that was followed by an era of significant bulge
growth and little globular cluster production. Intermediate-mass galaxies showed
a less-intense period of globular cluster formation at z ∼ 2.5 that was synchro-
nized with the bulk of bulge star growth. The transition between the massive
and intermediate-mass galaxy star formation modes occurs at a galaxy stellar
mass of Mstellar ∼ 3 × 10
10 M⊙, the mass where many other galaxy properties
are observed to change. Dwarf early-type galaxies in Virgo may have experienced
no significant period of bulge globular cluster formation, thus the intense star
bursts associated with globular cluster formation may be difficult to directly ob-
serve at redshifts z . 4. Though the above conclusions are preliminary because
they are based upon uncertain relationships between age and metallicity, the
technique employed will yield more stringent constraints as high-redshift galaxy
observations and theoretical models improve.
Key words: galaxies: bulges < Galaxies, galaxies: clusters: individual:... <
Galaxies, galaxies: formation < Galaxies, galaxies: high-redshift < Galaxies,
galaxies: star clusters < Galaxies
1 INTRODUCTION
Globular star cluster formation only occurs during
strong star formation events (Harris & Pudritz 1994;
Elmegreen & Efremov 1997; Larsen 2009). Most GCs
found in early-type galaxies formed at redshifts z & 2 (see
references in Brodie & Strader 2006), thus globular clus-
ter (GC) systems are valuable observational tools to help
understand the nature of major star formation events in
early Universe (Ashman & Zepf 1992; Forbes et al. 1997;
Coˆte´ et al. 1998; Harris 2001; Brodie & Strader 2006).
High-redshift galaxy observations continue to pro-
vide more and more detailed galaxy properties (e.g.
ages, metallicities, sizes, star-formation rates) at the red-
shifts of GCs formation (e.g. Hopkins & Beacom 2006;
Bouwens et al. 2007; Reddy et al. 2008; Franx et al.
⋆ E-mail: lspitler@astro.swin.edu.au
2003; van Dokkum et al. 2003; Glazebrook et al. 2004;
Daddi et al. 2005; Cimatti et al. 2008; Maiolino et al.
2008; van Dokkum et al. 2010). Though much progress
has been made in this field, interpretations are gener-
ally limited due to the challenging nature of such ob-
servations. By combining constraints from near-field GC
system observations with far-field galaxy observations,
certain limitations can be overcome and unique predic-
tions for this important period of galaxy formation can
be made (e.g. Shapiro et al. 2010).
One of the strongest predictions resulting from GC
system work is that many galaxies experienced two modes
or epochs of intense star formation sometime before z ∼
2. This follows from observations that early-type galaxies
with stellar masses ofMstellar & 10
10 M⊙ generally host
two GC metallicity subpopulations (e.g. Strader et al.
2006; Peng et al. 2006). The metal-poor or “halo” GC
subpopulation is thought to have formed within the
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numerous metal-poor proto-galaxies that likely domi-
nated the early Universe. The metal-rich or “bulge”
GC subpopulation likely formed later and shows similar
properties to the host galaxy’s bulge (e.g. metallicities,
spatial distributions Harris 2001; Forbes & Forte 2001;
Harris & Harris 2002; Dirsch et al. 2005; Bassino et al.
2006; Forte et al. 2007, 2009).
Thus by directly comparing the properties of a GC
subpopulation to the galactic component that they are
associated with, the relative contribution of e.g. bulge
stellar mass produced during the intense MR GC forma-
tion events can be understood. Furthermore, this type of
comparison can constrain more general galaxy formation
models by also considering observational and theoretical
analysis of high-redshift galaxies.
The present work conducts such an analysis and
compares properties of bulge GC subpopulations to their
host galaxy’s bulge stars. A model of bulge star for-
mation is developed for redshifts z & 2, which is com-
pared to existing constraints from direct, high-redshift
galaxy observations. The GC system observations come
from a imaging survey of 100 early-type galaxies in the
nearby (∼ 15Mpc) Virgo Galaxy Cluster using the Ad-
vance Camera for Surveys mounted on the Hubble Space
Telescope (HST). The sample size, its homogeneity and
broad range of high-level data product resulting from
the Advance Camera for Surveys Virgo Cluster Survey
(ACSVCS; Coˆte´ et al. 2004) allow for a detailed inves-
tigation into the relationship between galaxies and their
GC systems, hence constraints on the first few gigayears
of bulge star formation in Virgo early-type galaxies.
1.1 Globular Cluster System Observations
Spectroscopy work to age-date individual GCs in ellipti-
cal galaxies has shown that the bulk of GCs are very
old, with typical ages of & 10 Gyrs or z & 2 (e.g.
Larsen et al. 2002; Strader et al. 2005; Puzia et al. 2005;
Beasley et al. 2006; Conselice 2006; Sharina et al. 2006;
Pierce et al. 2006,?; Cenarro et al. 2007; Beasley et al.
2008). Because GCs are dominated by old stellar pop-
ulations, the colour distribution of a galaxy’s GC sys-
tem can be interpreted as its intrinsic metallicity dis-
tribution (see Strader et al. 2007; Kundu & Zepf 2007;
Spitler, Forbes & Beasley 2008). Observations show that
most extragalactic GC systems have a bimodal colour
distribution (Strader et al. 2006; Peng et al. 2006), which
implies they host two metallicity subpopulations: metal-
poor (MP) GC subpopulations with typical metallicities
of [m/H] ∼ −2 to −1 and metal-rich (MR) GC subpop-
ulations ranging [m/H] ∼ −1 to 0.
MR GCs show roughly similar chemical proper-
ties to the their host galaxy’s bulge Mstellar (e.g.
Harris 2001; Forbes & Forte 2001; Harris & Harris 2002;
Forte et al. 2007, 2009) and the spatial distributions of
MR GCs resemble the host galaxy’s stellar distribution
(e.g. Bassino et al. 2006), though the GCs generally
show a shallower distribution in the central regions of the
galaxy possibly due to GC destruction (e.g. Dirsch et al.
2005). These observations suggest the formation of MR
GCs and galaxy bulges are closely linked.
Figure 1. (g− z)0 colour profiles of Virgo early-type galaxies
from the Se´rsic fits of Ferrarese et al. (2006). For each galaxy,
its mean MR GC colour is subtracted from the galaxy’s colour
profile to illustrate the relative enrichment of these two com-
ponents. Top, middle and bottom panels correspond to galax-
ies in the ACS Virgo Cluster Survey (Coˆte´ et al. 2004) with
Mstellar 6 10
10M⊙ (hereafter “low-mass” galaxies), 1010 <
Mstellar 6 10
11M⊙ (“intermediate”) andMstellar > 10
11M⊙
(“massive”), respectively. Colour profiles with magenta dashed
lines have central blue (young) cores and are removed from
further analysis (see §2). The ±1σ colour boundaries for a
typical MR GC subpopulation in that galaxy mass bin are
represented by the two dotted lines. All massive galaxies show
colours that are redder (i.e. more enriched in metals) than the
typical MR GC. Intermediate and low-mass galaxies show a
range of differences.
MP GCs show metallicities more resembling galaxy
halo stars (e.g. Searle & Zinn 1978) and are thus thought
to have formed during a “pre-galactic” era before galax-
ies started to assembly in a ΛCDM universe. Because
the intrinsic metallicity distribution of early-type galaxy
stellar metal-poor halos have only been studied in a
few galaxies (e.g. Elson 1997; Harris & Harris 2002;
Harris et al. 2007; Norris et al. 2008; Weijmans et al.
2009; Foster et al. 2009), the relationship between MP
GCs and their host galaxy is more difficult to discern
and hence constraints from MP GC subpopulations will
not be considered here.
2 ACSVCS DATA SAMPLE
The properties of MR GCs, associated with Virgo Galaxy
Cluster early-type galaxies, are investigated in the follow-
ing sections. A Virgo GC system is considered to host a
MR GC subpopulation if the GC system’s colour (hence
metallicity) distribution yields can be well-represented
by two Gaussians (see Peng et al. 2006) and the fi-
nal MR GC number estimate must not be equivalent to
c© 2010 RAS, MNRAS 000, 1–11
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zero within the measurement and contamination errors.
This information is contained within Peng et al. (2006)
and Peng et al. (2008). To prevent contamination from
nearby GC systems, galaxies are not considered if are em-
bedded into the projected GC system of a larger galaxy
(see Peng et al. 2008). GCs are mostly old (see §1) and
contain little dust (e.g. Barmby et al. 2009), thus their
colours are largely determined by their intrinsic metallic-
ities. The ACSVCS GC colours (F475W−F850LP; here-
after g − z) are converted into a metallicities estimate
using the empirical relation given as eqn. 2 in Peng et al.
(2006). This is valid for an old stellar population and is
based upon direct observations of Milky Way and M87
GCs. Mean GC g − z colours and measured intrinsic
colour dispersions are from Peng et al. (2006).
Mean galaxy metallicities of the ACSVCS sample
are critical for much of the following analysis. Com-
pared to the simple stellar populations of GCs, ob-
served galaxy light comes from multiple stellar compo-
nent components and is thus more difficult to inter-
pret. Identifying the population of stars that formed
during the same epoch of GC formation and then un-
derstanding their intrinsic metallicity content is ham-
pered by the well-known age-metallicity degeneracy (e.g.
Worthey 1994). Spectroscopic analysis can help break
this degeneracy, but such work is generally limited to
the central regions of a galaxy and are currently avail-
able for only a small subset of the ACSVCS sample.
Spectroscopic observations have shown that early-type
galaxies are generally as old as GCs (Kuntschner et al.
2002; Thomas et al. 2005; Sanchez-Blazquez et al. 2006;
Koleva et al. 2009; Smith et al. 2009), though interme-
diate to lower-mass early-types can sometimes show
younger central stellar populations (e.g. Geha et al.
2003; Sanchez-Blazquez et al. 2006; Sansom & Northeast
2008; Smith et al. 2009). However, such observations
can be influenced by a relatively small (in terms of
Mstellar ) young star burst that can briefly domi-
nate a galaxy’s central light (e.g. Lisker et al. 2006;
Trager et al. 2008; Proctor et al. 2008). In any case,
a subset of the low-mass elliptical population shows
ages that are identical to old massive galaxies (e.g.
Kuntschner et al. 2002; Koleva et al. 2009; Mendel et al.
2009; Tolstoy et al. 2009).
Analysing galaxy photometry is one way to under-
stand the stellar populations of the ACSVCS galaxies in a
homogeneous fashion. Though galaxy broadband colours
like g − z are prone to uncertain interpretation, they
do probe the global properties of a galaxy and there-
fore should be sensitive to spatial variations in the stellar
populations (e.g. Koleva et al. 2009; Spolaor et al. 2009),
which are sometimes missed in spatially-unresolved spec-
troscopic analysis. In order to study the ACSVCS sample
in a homogeneous fashion, a galaxy’s (g − z)0 colour is
transformed into a metallicity estimate by assuming the
stellar population is dominated by stars of a similar age
to GCs and using the same colour-metallicity transfor-
mation that is used for the GCs (see above). This trans-
formation is inappropriate for galaxies that show young
stellar populations in their photometry. Those with ob-
vious young components (see below) are culled from the
present analysis. Despite this precautionary action, it is
possible that a subset of the remaining ACSVCS sam-
ple could have luminosity-weighted ages that are younger
than a typical GC. The metallicity values derived for such
galaxies would therefore be lower limits. The reader will
be reminded of this possibility when appropriate.
Ferrarese et al. (2006) identify two galaxies in their
sample (VCC 798/M85 and VCC 1499) that show sig-
nificant young stellar components. They also identify
certain galaxies with corrupt or tidally truncated light
profiles, which are also excluded here. A few of the re-
maining galaxies in the Ferrarese et al. (2006) work have
blue cores in their colour-profile, consistent with a bright,
young stellar population (e.g. Lisker et al. 2006), as
shown in Fig. 1. Since a bright, young core complicates
the estimation of a galaxy’s Mstellar and average metal-
licity, these galaxies are excluded from the analysis. In
particular, if a galaxy’s global (g− z)0 colour is 0.2 mag-
nitudes smaller than their colour at 10 effective radii (or
the outermost radial bin covered by the HST ACS field)
they are excluded. Galaxy (g − z)0 colour profiles and
z−band effective radii are from Ferrarese et al. (2006).
Fig. 1 shows the ACSVCS galaxy colour gradients sub-
tracted by each galaxy’s mean MR GC colour taken from
Peng et al. (2006). Those with blue cores are highlighted
in the Figure.
Galaxy stellar masses are from 2MASS K-band lu-
minosities (which is largely insensitive to metallicity ef-
fects), and a mass-to-light ratio (M/LK = 0.86) appropri-
ate for an old stellar population (see Spitler et al. 2008;
Spitler & Forbes 2009).
3 CHEMICAL DIFFERENCES BETWEEN
MR GCS AND BULGE STARS
As reviewed in Section 1.1, MR GC subpopulations share
some properties with their host galaxy’s bulge stars. In
this section, the chemical similarities of the MR GCs and
galaxy bulges are investigated.
3.1 Analysis
In Fig. 1, the difference between the galaxy colour gra-
dient and its mean MR GC subpopulation colour is pre-
sented for ACSVCS galaxies. Massive galaxies show red-
der colours than the typical MR GCs by ∼ 0.1 mag, while
lower mass galaxies show a spread of differences. In the
same Figure, the average ±1σ colour dispersion of the
MR GCs in each Mstellar bin are presented as dotted
lines to illustrate the range of colours characteristic of
the MR subpopulations (σg−z ± 0.15, ±0.14 and ±0.13
mag. in order of the massive to low-mass galaxy bins).
Galaxy colours generally overlap with the observed in-
trinsic colour dispersion of their MR GC subpopulations,
which is why previous work (see §1.1) has claimed that
bulge stars and MR GCs are roughly similar in terms of
colour and hence metallicity.
A more quantitative investigation of this relationship
is presented in Fig. 2, where the average metallicities of
both components are given. Galaxy metallicity reflects
the luminosity-weighted global colour computed from in-
tegrating the best-fit Se´rsic profiles in each band to infin-
c© 2010 RAS, MNRAS 000, 1–11
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Figure 2. Mean MR GC (open circles), MP GC (open squares) and galaxy (solid circles) metallicities against host galaxy
stellar mass. At approximately Mstellar ∼ 10
10 M⊙, the MR GC and galaxy mass-metallicity relationships start to merge. For
Mstellar & 3 × 10
10 Mstellar , the two components are typically offset by a factor of ∼ 2 in metallicity. Error bars are 1σ
measurement uncertainties. Magenta points are the Milky Way data.
ity and the assumption that the colours are dominated
by an old stellar population (see §2). It is apparent in
Fig. 2 that both components become more enriched with
host Mstellar , reflecting the well-known mass-metallicity
relationship in galaxies (e.g. Kodama & Arimoto 1997;
Gallazzi et al. 2006) and an established trend among MR
GCs (Forbes et al. 1997; Larsen et al. 2001; Strader et al.
2006; Peng et al. 2006).
Also included in the Figure are MP GC mean metal-
licities. The difference between the subpopulation metal-
licities remains relatively constant (e.g. Peng et al. 2006)
until lower galaxy masses where MR GC subpopulations
are no longer detected. It is still possible small numbers of
MR GCs are present in these galaxies, but spectroscopic
confirmation of the few MR GC candidates is required.
From Fig. 2 it is apparent that the mean metallici-
ties of the bulge stars and MR GCs are fairly well sepa-
rated for massive galaxies, but become more similar for
lower mass galaxies. For massive galaxies, the bulge stars
show more enriched stellar populations than their typ-
ical MR GCs by ∼ 60% in metallicity. For galaxies of
Mstellar . 3 × 10
10 M⊙, the average difference between
the two components apparently decreases, as the MR GC
and galaxy mass-metallicity relationships begin to con-
verge. These galaxies have ∼ 15 MR GCs on average,
so the mean MR GC metallicities should still be robust.
If a low-mass galaxy bulge metallicity is underestimated
due to the presence of younger stellar populations (see
§2), then the two components of the galaxy may still be
offset at lower masses.
Other systems show similar offsets in the aver-
age MR GC and bulge star metallicities. For instance,
Harris & Harris (2002) compare the observed metallic-
ity distributions of MR GCs and resolved bulge stars in
a massive elliptical galaxy, NGC 5128, with Mstellar ∼
6× 1010 M⊙. The bulge stars in this galaxy at 8 kpc ex-
c© 2010 RAS, MNRAS 000, 1–11
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tend to higher metallicities than the MR GCs (see also
fig. 8 in Beasley et al. 2008), consistent with the results
found here. The enrichment level of Milky Way bulge (e.g.
Zoccali et al. 2008) is also higher than a typical Galac-
tic MR GC. This is shown in Fig. 2 using a MR GC
mean metallicity from the catalogue of Harris (1996) and
Galactic bulge Mstellar from Cardone & Sereno (2005).
3.2 Discussion
A difference in the metallicity of two stellar populations
can reflect a separation in their respective formation
epochs if the gaseous metals used to form stars were well-
mixed and the gas enriched over time. Assuming the ob-
served metallicity difference between galaxy bulge stars
and MR GCs is a rough timescale indicator, the data
in Fig. 2 imply that the dominant bulge star-formation
epoch in massive galaxies was separated in time from the
peak of the MR GC formation, because the bulges are
generally more enriched than the typical MR GC they
host. Since GCs require unique conditions to form, differ-
ences in the formation epochs of the MR GCs and bulge
stars likely reflects a change in the star-formation mode
of the host galaxy.
The massive galaxy data is consistent with a sce-
nario where the galaxy experienced a brief epoch of
high MR GC formation efficiency that was followed by
a phase where the bulge enriched by ∼ 60% and grew by
a signficant amount in total Mstellar . Harris & Harris
(2002) speculate a situation like this might occur if GCs
formation tends to destroy nearby cold-gas clouds (e.g.
with young high-mass X-ray binaries found within GCs
Power et al. 2009) and hence severely limit subsequent
GC formation. Stellar bulge growth can continue from the
gas expelled during the peak of GC formation, but GC
formation will have ended or been severely suppressed
due to the disruption of large gas clouds. Another pos-
sibllity is that the mode of star formation transitioned
from a merger-driven star formation mode to one that
was characterised by less extreme pressures and/or gas
turbulence (Elmegreen & Efremov 1997; Ashman & Zepf
2001).
While some intermediate and low-mass galaxies show
metallicity offsets like those observed in massive galaxies,
the typical galaxy shows similar bulge star and mean MR
GC metallicities. If this similarity reflects a coeval forma-
tion, then bulge star and MR GC formation were roughly
synchronised.
In the Milky Way, a relatively large offset in metal-
licity between the bulge and its MR GC subpopulation
is found. This might imply the bulge continued to grow
after the GC formation epoch.
4 THE RELATIVE FORMATION
EFFICIENCY OF MR GCS AND BULGE
STARS
In this section, the number of MR GCs normalized
by its host galaxy’s Mstellar observed today is consid-
ered. This quantity gives some indication of the over-
all GC formation efficiency in a galaxy, modulo those
Figure 3. Relative MR GC numbers (TMR =
NGC/(Mstellar/10
9) against host stellar mass. Ringed
solid circles have bulge stars that are more enriched by a fac-
tor of 2 compared to their MR GCs (see Fig. 2). A substantial
fraction of the lowest mass galaxies (Mstellar . 5× 10
9 M⊙)
contain no detectable MR GC subpopulation. These are not
shown in this figure, but are given in Fig. 2.
that are destroyed through dynamical processes (e.g.
Baumgardt & Makino 2003).
The relative number of MR GCs in a galaxy, when
normalized by the host galaxy’s stellar mass, is higher
in massive galaxies compared to low and intermediate-
mass galaxies (e.g. Rhode et al. 2005; Spitler et al. 2008;
Peng et al. 2008). This quantity is traditionally referred
to as the MR GC T-parameter (TMR; Zepf & Ashman
1993). Fig. 3 shows TMR data for the ACSVCS sample.
The GC numbers were compiled as in Spitler & Forbes
(2009) using the ACSVCS catalogue of Peng et al.
(2008).
TMR parameter provides a way to gauge the effi-
ciency of MR GC production relative to its host galaxy’s
total bulgeMstellar . More specifically, it relates GC num-
bers to the bulge mass accumulated over the entire his-
tory of the galaxy. To better understand the conditions
in a galaxy at the peak of GC formation, the relative GC
numbers normalized by the field stellar mass produced
during exactly the same epoch should instead be consid-
ered. This “instantaneous” GC formation efficiency re-
quires knowledge of the field stars produced at the main
GC formation epoch, a quantity currently unavailable
for the ACSVCS galaxies. Thus, only a qualitative as-
sessment of the instantaneous GC formation efficiency at
their peak of production can be made.
For high mass galaxies, the results of Section 3 sug-
gest that the majority of a galaxy’s stellar bulge formed
in more enriched gas compared to gas used for MR GC
formation. If GC formation efficiency did not depend on
c© 2010 RAS, MNRAS 000, 1–11
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metallicity1 and metallicity is a timescale indicator, then
the TMR values for such galaxies are underestimating
the instantaneous GC formation efficiency. This is be-
cause the Mstellar they are normalized against is much
larger than theMstellar produced only with the MR GCs.
Hence, the instantaneous GC formation efficiency in these
galaxies will be higher than what their TMR parameter
currently portrays.
These galaxies are highlighted in Fig. 3. The
Mstellar in galaxies with no significant temporal bulge
and MR GC metallicity offset may have formed in con-
junction with the MR GC subpopulation. Thus, their cur-
rent TMR values may provide a reasonable qualitative
picture of their inherent instantaneous GC formation ef-
ficiencies relative to massive galaxies. Thus the overall
effect of moving from the TMR parameter to an instan-
taneous GC formation efficiency will largely enhance the
existing trend: the efficiency of MR GC formation in-
creases with galaxy Mstellar .
At the very low-mass end of the galaxy mass distri-
bution, 15 out of the 25 old ACSVCS galaxies do not have
significant MR GC subpopulations (see Forbes 2005),
although populations of 1− 3 MR GCs likely cannot be
ruled out. This is consistent with the Local Group’s 5
dwarf ellipticals (with Mstellar ∼ 10
8 M⊙) that together
host only two MR GCs (Sharina et al. 2006). If the Virgo
low-mass ellipticals do not show significant MR GC sub-
populations, then GC production may have been trun-
cated due to supernova blow-out or ram-pressure strip-
ping of its gas (e.g. Boselli et al. 2008). Low-mass galax-
ies also generally show high mass-to-light ratios suggest-
ing they underwent a relatively inefficient bulge growth
(e.g Geha et al. 2006; Brooks et al. 2007), thus they pos-
sibly did not reach the gas densities or star-formation
rates needed efficiently to produce both bulge stars and
GCs.
Alternatively, if 1 − 3 GCs are actually present in
some of the low-mass Virgo ellipticals (this cannot be
ruled out at present), the TMR values for these galax-
ies could reach levels similar to those found in massive
galaxies (Peng et al. 2008). Whether this implies GC pro-
duction was enhanced or the normalizing quantity in the
TMR parameter,Mstellar , was underproduced cannot be
determined without understanding their MR GC subpop-
ulations, if they even exist.
5 COSMIC METALLICITY ENRICHMENT
In this section, the typical formation epoch of the MR
GCs is estimated using observational constraints on the
early metallicity enrichment history of galaxies. This will
enable a comparison to high-redshift galaxy observa-
tions and further constrain the star-formation histories
of early-type galaxies.
A newmethod is developed to understand the typical
1 See Forte et al. (2009) for the consequences of assuming GC
formation efficiency is metallicity-dependent. Under this as-
sumption, they are able to successfully recover a galaxy’s ra-
dial and global stellar populations.
formation epoch of MR GCs. By comparing the observed
mean metallicity of MR GCs to empirical age-metallicity
relationships (AMRs), an estimate of the typical forma-
tion epoch can be had. GCs provide ideal objects for this
method of age-dating because they are characterised as
single stellar populations. In contrast, galaxy observa-
tions are a complex mixture of multiple stellar popula-
tions, thus employing an AMR in a similar manner may
not be so straight-forward.
Although this method has inherent limitations
(mostly stemming from the poorly characterised AMRs
available for redshifts z & 2), it nevertheless provides a
working approximation of the MR GC formation epoch,
which can be tested with other observations or simu-
lations. Also, improved and/or theoretical AMRs (e.g.
Hernquist & Springel 2003; Dave´ & Oppenheimer 2007;
Kobayashi et al. 2007) can be easily incorporated into
this analysis, which is relatively simple in design.
5.1 Analysis
Three empirical mass-metallicity relationships for star-
forming galaxy at z = 0.07, 0.7 and 2.2 were compiled
from the literature by Maiolino et al. (2008, using the ob-
servations of Kewley & Ellison 2008; Savaglio et al. 2005;
Erb et al. 2006). They also derived emission-line metallic-
ity measurements in galaxies at z ∼ 3.5 and hence effec-
tively present AMRs for a range of galaxy masses over a
redshift range of z = 0−3.5 or . 12 Gyrs. Mannucci et al.
(2009) update the measurement at z ∼ 3.5 with a larger
sample and use a Chabrier (2003) initial mass function,
both of which are adopted in the following.
Emission-line metallicities from star-forming galaxy
reflect the dominant enrichment level of the gas being
used in star formation. Thus by comparing the typical
MR GC metallicity to these AMRs, the peak redshift of
their formation can be estimated. Uncertainties, both in-
trinsic (e.g. possible environmental dependence on the
AMRs) and systematic (e.g. conversion from observed
gas [O/H] metallicities to stellar [m/H] metallicities; see
Kobulnicky & Kewley 2004 for the conversion adopted
here, assuming Z⊙ = 0.019) translate into non-negligible
uncertainties on the derived MR GC formation epoch.
Unfortunately, the extent of these uncertainties are not
understood, thus the star formation history outlined be-
low should be considered preliminary.
Fig. 4 shows the mass-metallicity relationships for
star forming galaxies at different redshifts. To compare
the ACSVCS MR GCs to these relationships, the total
host galaxy Mstellar at the time of their formation must
be known, since massive galaxies may have continued to
grow in mass after the peak of MR GC formation (see §3).
As discussed in Section 4, the amount they grew after the
peak of MR GC formation is currently unconstrained, so
only a rudimentary correction is attempted to illustrate
the corresponding implications on the general trends. The
Mstellar values of galaxies in Fig. 4 with significant bulge
star and MR GC metallicity differences (offset by a factor
of 2, see Fig. 2) have been decreased by a factor of 2.
One-sided horizontal error bars spanning this factor are
c© 2010 RAS, MNRAS 000, 1–11
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Figure 4. Age-dating the formation of MR GC subpopulations. Observed emission-line galaxy mass-metallicity relationships
(green dashed lines) for the specified redshifts (compiled by Maiolino et al. 2008). Mean MR GC metallicities are given for Virgo
early-type galaxies as open circles with a fitted curve shown as a black solid line. Vertical error bars represent the 1σ intrinsic
metallicity dispersion for the individual MR GC subpopulations, not measurement errors. The solid, large circle represents the
Milky Way MR GC subpopulation. The relationship between the galaxy-mass metallicity relations (green dashed lines) and the
fit to the corrected ACSVCS MR GCs (black solid line) suggest the MR GCs formed earlier in more massive galaxies. The Virgo
galaxy mass-metallicity relationship is given as a red, long-dashed line. Dotted lines are fits to the ±1σ dispersions of the MR
GC metallicity distributions. Horizontal, one-sided errors show how much certain galaxies moved in the plot, after correcting to a
Mstellar value that better reflects the Mstellar when the MR GCs were forming (see text).
provided in Fig. 4 for such galaxies and the quadratic fits
in the Figure reflect this correction.
In Fig. 4, the fit to the mean MR GC values of mas-
sive galaxies and the mass-metallicity relationships inter-
sect at z ∼ 3.5, suggesting the peak of MR GC forma-
tion occurred in massive galaxies around this redshift. In
lower mass galaxies the intersection implies a peak of for-
mation between z ∼ 2.2 − 3.5. Thus MR GCs typically
formed in massive galaxies ∼ 11.7 Gyrs ago and between
∼ 10.6− 11.7 Gyrs ago in lower mass galaxies, assuming
a ΛCMD cosmology and H0 = 70 km s
−1 Mpc1. The
lowest mass galaxies do not show a significant MR GC
subpopulation, hence no constraint is currently available
from the analysis presented in Fig. 4.
The intrinsic metallicity dispersions for each MR GC
subpopulation are also given as vertical error bars in the
same figure. From the intersection of the mass-metallicity
relations and the upper dotted line in Fig. 4, the “end”
of the MR GC formation epoch is z ∼ 2.5 for massive
galaxies and z ∼ 1.5 − 2.0 for lower mass galaxies. The
preferred start of the MR GC formation epoch is z ∼ 4−5
and z ∼ 3.5 for high and low mass galaxies, respectively.
As shown in Fig. 4, the Milky Way’s MR GC sub-
population has an implied formation age of ∼ 12 Gyrs
(z & 3.5), which is older than similar mass early-type
c© 2010 RAS, MNRAS 000, 1–11
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Figure 5. Schematic diagram illustrating bulge formation his-
tories derived from the analysis of MR GC subpopulations in
early-type galaxies of the Virgo Cluster. As a rough function
of the host mass (see Fig. 6), these galaxies show three distinct
bulge formation histories. The “star-formation intensity” is a
intentionally ambiguous term that is meant to demonstrate
the fact that the exact mechanism (e.g. local star-formation
rate, gas turbulence, etc.) that determines the GC formation
efficiency is unknown. The horizontal dotted line represents
the threshold for GC production.
galaxies in the Virgo Cluster. Since the Milky Way’s
bulge appears to be more enriched than its MR GC mean
(§3), the present-day Mstellar of the bulge may not ex-
actly reflect its value when MR GCs were forming. In this
case, the average formation epoch may be closer to z ∼ 3.
This is still older than the cluster early-type galaxies of
a similar Mstellar and is contrary to naive expectations
for chemical enrichment histories, where denser regions of
the Universe start forming stars at higher redshift. The
apparent contradiction could reflect the systematic un-
certainties of employing such preliminary high-redshift
galaxy mass-metallicity relationships.
6 DISCUSSION: THE CONNECTION TO
HIGH-REDSHIFT GALAXY
OBSERVATIONS
This section brings together the 3 topics of the preceding
sections into a preliminary model of bulge star formation
in Virgo early-type galaxies. Interpretations from direct
high-redshift galaxy observations are compared to this
model, followed by caveats and predictions.
Fig. 5 shows the implied star-formation history of
early-type galaxies in Virgo as developed from the preced-
ing analysis on their MR GC subpopulations. The quan-
tity on the y-axis represents the factor(s) that contribute
to GC formation. It is intentionally left ambiguous be-
cause the detailed physics of GC formation are not well-
understood. Instead the generic term “star-formation in-
tensity” (SFI) is used as a proxy the mechanisms (e.g.
star-formation rates, gas turbulence) that dictate GC for-
mation efficiency within a galaxy. Given on each panel of
Fig. 5 is a SFI threshold above which GC formation oc-
curs.
The scenario in the top panel of the Fig. 5 applies
to very low-mass galaxies with no significant MR GC
subpopulation. Here the GC formation epochs are un-
constrained and the SFI never breaches the threshold for
GC formation. Detecting strong star bursts in galaxies of
Mstellar . 10
9Msun at redshifts z . 4 may prove chal-
lenging.
In the middle panel of Fig. 5, the SFI history of
intermediate-mass galaxies is given. These galaxies show
similar bulge and MR GC metallicities, hence the forma-
tion epochs of the bulge stars and MR GCs are coeval.
The peak of SFI in theses galaxies is represented as a
Gaussian with mean redshift of z ∼ 2.5 and spanning
z ∼ 1.5 − 4 or ∼ 1 Gyrs. This age-range matches infer-
ences made from the observed MR GC metallicity distri-
bution spread and the observed age-metallicity relation-
ships (see Fig. 4). The implied peak of GC and bulge star
formation apparently coincides with direct observations
of the cosmic star-formation density peak (at redshifts
z ∼ 2 − 3), which some believe is dominated by star
formation in low-mass galaxies (e.g. Hopkins & Beacom
2006; Bouwens et al. 2007; Reddy et al. 2008). Here the
SFI passes the GC formation threshold, to indicate GCs
formed in these galaxies.
For massive galaxies with offset bulge star and
MR GC mean metallicities, the inferred SFI scenario is
presented in the bottom panel of Fig. 5. The metallicity
offset implies that the bulge continued to grow after the
peak of MR GC production, thus a second distribution
in the SFI history is given at lower redshifts. The
extent of this bulge formation epoch is unconstrained
from the present analysis, but is chosen to not overlap
significantly with the MR GC formation and drop off
relatively fast to match observations that a significant
number of quiescent massive galaxies appear to be
passively evolving at z ∼ 2 − 3 (e.g. Franx et al.
2003; van Dokkum et al. 2003; Glazebrook et al.
2004; Daddi et al. 2005; van Dokkum et al. 2008;
Cimatti et al. 2008; Bezanson et al. 2009; Naab et al.
2009). Although the SFI was low and few MR GCs
formed, the bulge likely doubled in total Mstellar and
its global metallicity increased by a factor of 2 during
this second mode of bulge growth. The main GC SFI
distribution reaches very high values of SFI to signify the
ultra-efficient period of MR GC production supported by
the observation (see Fig. 3). The GC and bulge epochs
overlap to illustrate the fact that some very enriched
MR GCs exist.
In massive galaxies, the peak of MR GC formation
occurred at z ∼ 3 − 4. This redshift is somewhat ear-
lier than the observed peak in the number density of
submillimeter galaxies (z ∼ 2.4; Chapman et al. 2005),
whose properties can be explained by very intense star-
formation rates of ∼ 1000 M⊙ yr
−1 (Hughes et al. 1998;
Blain et al. 2002; Swinbank et al. 2008). These strong
star formation events were possibly induced by major
c© 2010 RAS, MNRAS 000, 1–11
Early constraints from metal-rich GCs 9
galaxy mergers (Tacconi et al. 2008) or disk instabilities
(e.g. Escala & Larson 2008; Shapiro et al. 2010) from
rapid, cold-gas accretion (Dekel et al. 2009). In the model
developed here, this epoch is followed by a mode of
bulge growth that is not as efficient at GC production.
Observationally, this period may manifest itself as the
heavily dust-obscured massive galaxies found at z ∼ 2
(e.g. Dey et al. 2008; Bussmann et al. 2009), which just
finished a submillimeter-bright phase (see discussion in
Dey et al. 2008).
At roughly the same time, approximately z ∼ 2.5 or
∼ 11 Gyrs ago, intermediate-mass galaxies were experi-
encing their peak of bulge growth andMR GC formation.
The implied SFIs may resemble those in massive galax-
ies at the same epoch. The average age of bulges in both
massive and intermediate-mass galaxies should therefore
be roughly identical, despite a relatively large difference
in their mean metallicities.
6.1 Caveats
The above scenario depends on the following:
• That there is no significant age difference between
the galaxy bulge stars and MR GCs. Even though ob-
viously young galaxies are removed from the analysis,
transforming galaxy broadband colours into metallicities
can be complicated by undetected age variations between
the galaxies and MR GCs.
• The assumption that the destruction of GCs, be it
from disrupting tidal forces of the host galaxy or other-
wise, does not influence the above results significantly.
• The use of uncertain galaxy age-metallicity relation-
ships from high-redshift observations. Environmental and
morphological differences could translate into large sys-
tematic uncertainties on the attempt to age-date the peak
of GC formation.
• The assumption that the apparent offsets in bulge
star and MR GC metallicities translates into an offset in
time. Gas accretion, mixing and outflows contribute to
inhomogeneities in the spatial metallicity distributions of
a galaxy and will all sabotage the simple model presented
here.
The last two points can be better understood by incor-
porating detailed predictions from theoretic simulations
of cosmological metal-enrichment and galaxy formation
(e.g. Hernquist & Springel 2003; Dave´ & Oppenheimer
2007; Kobayashi et al. 2007). These issues will also ben-
efit from more detailed observational analysis of galaxies
at high-redshift (e.g. Calura et al. 2009).
6.2 Predictions
Presented below are a number of predictions resulting
from the model outlined above.
Understanding the mode of bulge star for-
mation around the transition galaxy stellar bulge
mass. The three bulge formation histories presented in
Fig. 5 roughly correlate with galaxy Mstellar , as shown
in Fig. 6. At Mstellar ∼ 10
10 M⊙the three modes over-
lap. This bulge Mstellar corresponds to the characteris-
Figure 6. GalaxyMstellar histograms for old ACSVCS early-
type galaxies. Dotted histograms show the total Mstellar dis-
tribution of the sample. Solid histograms in upper, middle and
lower panel correspond to galaxies with no MR GCs, with
no significant and a significant offset between the typical en-
richment of its MR GCs and its bulge, respectively. These
are classified according to the observed metallicity offset be-
tween their MR GCs and bulge stars, as shown in Fig. 2. At
Mstellar ∼ 10
10 M⊙, the 3 classes overlap.
tic mass where many galaxy properties transition (e.g.
Dekel & Birnboim 2006). This work presents predictions
for the bulge star formation histories of galaxies below,
at and above this transition bulge Mstellar .
GC and galaxy ages. The derived MR GC forma-
tion redshifts in massive and intermediate-mass galaxies
suggests an age offset of ∼ 1 Gyr should exist in their MR
GC subpopulations. Typical theoretical modelling and
measurement uncertainties mean that absolute ages of in-
dividual extragalactic GCs are difficult to constrain with
such precision. However, in principle, two very large sam-
ples of at least 1000 MR GC ages (one for each galaxy-
mass class) derived from standard Lick absorption-line
analysis can be used to determine whether or not such
a relative age offset exists. This minimum sample size is
derived assuming a mean MR GC age of 11.0 Gyrs (or
log age = 1.04 in Gyrs) and 11.7 Gyrs (log age = 1.07) in
intermediate and massive galaxies, respectively. Typical
uncertainties are assumed to be±0.15 on the logarithm of
the age (in Gyrs) of individual GCs (e.g. Proctor et al.
2008). Note, systematic uncertainties from stellar pop-
ulation models and the age-metallicity degeneracy may
complicate such attempts. Furthermore, the spread of
metallicity may imply a spread of age, thus making this
prediction more challenging to measure directly.
Another interesting test of this model is to age-date
the bulge stars of a massive galaxy (such as Virgo’s
Messier 87) and determine whether the mean age of 1000s
c© 2010 RAS, MNRAS 000, 1–11
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of its MR GCs are offset from the bulge’s average age by
∼ 1 Gyr. A similar offset is expected in the Milky Way.
GC formation efficiency. The discovery of an off-
set between the mean metallicity of MR GCs and their
host bulge could mean that a significant fraction of the
bulgeMstellar in massive galaxies formed after their typi-
cal MR GCs. If the relative MR GC numbers observed in
galaxies (see Fig. 3) were instead normalized by only the
galaxy Mstellar that formed in conjunction with the MR
GCs and it is assumed that GC formation efficiency does
not depend on metallicity, an extremely MR GC efficient
formation in massive galaxies is implied. The apparent
prevalence of ultra-compact dwarfs (which are sometimes
considered as massive MR GCs; e.g. see Forbes et al.
2008) around massive galaxies may be a natural by-
product of an ultra-efficient GC formation epoch (see
discussion in Larsen 2009). This would mean that the
local star-formation intensity history, not environment,
dictates where such massive compact star clusters will
be found (Hau et al. 2009).
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